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1 . INTRODUCTION 

At the out-set of the grant effort being reported here, the plans were for pursuing 
work in three zniyor areas: (1) Vivaldi/LTSA antenna elements (2) Microstrip Dipole and 
Patch Elements, and (3) A Demonstration system for Millimeter Wave Imaging Using an 
Array Feed. The work on Microstrip Dipole and Patch Elements was being performed 
primarily by Professor David M. Pozar, and was also supported by NASA Grant NAG-1- 
163. The final report for the latter grant, submitted in June 1984, summarized this entire 
effort, and we refer to that report for results in this area [l]. 

The remainder of the grant effort has been concerned with tasks (1) and (3) above. 

Tapered slot antennas were first studied for use in phased arrays, and typically use a 
strip-line feed and are very short in order to be useable for wide-angle scanning. The term 
Tised for such antenna elements is the ‘^otch” antenna [2]. There is a different category of 
applications for which a fairly narrow beam is required, in order to efficiently illuminate 
a focussing element such as a refieetor or lens. Examples of such applications include 
multi-beam (switched or shaped) antennas for satellite communications, and multi-beam 
systems for imaging in connection with space science and remote sensing instruments. Ta- 
pered slot antennas can be designed to have narrow beamwidths and the first reported 
investigation which demonstrated the potential utility of tapered slot antennas for a num- 
ber of such applications, was done by Gibson [3]. Gibson employed an exponentially 
tapered slot in the metalization on a dielectric substrate, and termed this antenna element 
the ‘‘Vivaldi” antenna. He showed that the \nivaldi antenna can be designed such that the 
beamwidth is approximately constant over a frequency band of several octaves, provided 
that the exponential opens op sufficiently rapidly. The study performed under this grant 
has primarily dealt with linearly tapered slot antennas (LTSA*s) and constant width slot 
antennas (CWSA’s), see Figure 1. Instead of emphasising the constant beam-width ver- 
s\is frequency, we have studied how the shape, dielectric thickness, and antenna length 
infiuence the beam-shape and beam-width of more gradually tapered slot antennas than 
those of Gibson in order to make a contribution toward the understanding of their radia- 
tion mechanism as well as to make available design information. We have also developed 
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design information for arrays of LTSA elements, and demonstrated a prototype 94 GHz 
multi-beam system rising an LTSA array in a Cassegrain reflector. 

2 . SINGLE ELEMENTS OF TAPERED SLOT ANTENNAS 

A. Experimental Results and Semi-Empirieal Models 
A.l. Beam-Shape and Beam-Widths 

Early studies of linearly tapered slot antennas (LTSA’s) under this grant showed 
that acceptable beam-shapes could be obtained over a wide range of antenna lengths, 
i.e. about 3 to IS free space wavelengths. The beamwidths were narrower than those of 
other integrated circuit antennas, such as microetrip dipoles and patches, for this range 
of antenna lengths, and one of our aims was to identify design methods which would lead 
to elements which could illuminate practical reflector antennas. A typical optimum taper 
at the reflector edge is -10 dB, and it was shown that tapered slot antennas could be 
designed with the -10 dB beamwidth down to about 25-30 degrees, corresponding to a 
value of f ID of about 2. Problems were encountered with thick dielectric substrates, 
however, especially for long antennas. In an extreme case, the beam would develop a null 
on axis. It was known that many of the same features, such as the decreasing beamwidth 
for increasing antenna length, and the sensitivity to too much dielectric slowing, had been 
noticed in the general class ci antennas called traveling-wave antennas. These have been 
reviewed in det^ by Zucker [4]. The empirical studies showed that Zucker’s standard 
data for traveUng-wave antennas were a good design guide for LTSA’s, provided that the 
antenna parameters were within a range, which is specified below: 

(1) The opening angle should be close to 11 degrees for the beamwidths in the E- and 
H-planee to be approodmately equal (the fact that this is possible is one of the most 
notable advantages of tapered slot antennas), 

(2) The width of the metalisation outside the slot should be at least 2-3 wavelengths, 
otherwise there is a beamwidth dependence upon this parameter, see section B below. 

(3) The efiective dielectric thickness, defined in the equation below, should be in the range 
0.005 to 0.01 wavelengths: 

«.// _ *(v^~ 1) 

A|> A/ft 


( 1 ) 
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With the effective dielectric thiclcnesa in this range, LTSA’s will give beamwidths 
generally within the limits for standard traveling-wave antennas, given by Zucker. 
A thicker substrate leads to a narrower beam-width, closer to the curve designated 
“high gain” by Zucker. If the substrate thickness is increased further, then the beam 
shape will generally experience fwly drastic changes. An «cample of the effect of 
substrate thickness is shown in Figure 2 which compares beamwidths for three different 
thicknesses of Kapton with standard traveling-wave antenna data. Other examples 
are given in the publications {1} and {6}. (Note: References cited with these brackets 
({}), are to be found in Section 5 of this report - the itemized list of all publications 
based on this grant, other references are cited with a square bracket, and given in 
section 6). LTSA’s with air dielectric also work well in general, but have wider beams 
than the standard traveling-wave antennas. 

A.2. Directivity and Beamr-Efficiency 

The directivity of an LTSA element generally increases with its length, as shown in 
Figure 3. In many early measurements, the directivity fell below the range indicated by 
Zucker for standard traveling-wave antennas, or close to the “low-sidelobe” curve. This 
fact indicates that the side-lobe levels can be rather high. In some cases, the side-lobe 
level was not measured correctly because the signal-to-noise ratio was not sufficient. This 
applies especially to measurements at 94 GHz. Nevertheless, the values obtained for direc- 
tivity were the highest for any integrated circuit antenna, up to about 17 dB for the longest 
elements. Beam efficiencies at the -10 dB level were typically about 30% for antenna ele- 
ments 10 wavelengths long, and 40-50% for somewhat shorter antennas. Both directivities 
and beam-efflelendes have steadily improved, as the grant effort proceeded, and more was 
learned about how to achieve low side-lobes. Present values result in directivities up to 
20 dB, and beam-eflBciendsa up to 70-80%. These new data will be reported in detul in 
the first report for the new contract with Langley Research Center. 

A.3. Impedance 

The input impedance has been calculated baaed on conformal mapping, and agrees 
well with measurements, as shown in Figure 4. The impedance is independent of frequency 
over a range of several decades. 
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B. Theoretical Reavlts and Models 
B.l. Theoretical Approach 

A number of initial theoretical approaches gave useful but not very accurate results. 
The approach which was subsequently used is successful in predicting beamwidths and 
central beaznshapes very acctirately, and sidelobe-levels and side-lobe positions with good 
accuracy (for details, see the Ph.D. thesis of R. Janaswamy, included with this report as 
Appendix A). The parameters of antenna length, taper shape, and dielectric substrate 
permittivity and thickness were varied. Two different models were \ised: 

(1) For lur dielectric LTSA elements, it is possible to use a bi-fin model (see Figure 5), 
which allows a TEM- mode solution for the fields along the structure. The field 
distribution along a finite length slot was then used for an aperture integration, which 
resulted in the far-field radiation pattern. The theoretical and experimental patterns 
agree well and are compared in Figure 6. 

(2) In the second approach, used for more general shapes, and for dielectric-supported 
antennas, the solution proceeds in two steps. The geometry for the general approach, 
is illustrated in Figure 7. 

The method of analysis consists of two steps. In the first step, the tangential corn- 
ponent of the electric-field distribution in the tapered slot, hereafter referred to as the 
aperture distribution, is obtained. In the second step, far-fields radiated by the equivalent 
magnetic current in the slot are obtained by using an appropriate Green’s function. 

The aperture distribution in the tapered slot is determined by employing the usual 
travelling wave assumption that the aperture distribution is governed predom- 

inantly by the propagating modes corresponding to the non-terminated structure. The 
effect of the terminate of the structure at ABCD can be incorporated by adding a back- 
ward traveling ware. One recognizes that tmder these conditions, the problem reduces 
to finding the field distribution for the case of a tapered slot line. To accomplish this, 
the continuous taper is approximated by means of a number of sections of line of tmiform 
width connected end to end. This is illustrated in Fig. 7B. The slot wavelength and the 
characteristic impedance vary from section to section in accordance with the slot width. At 
this stage, one may rise the theory of small refiections [5] to get an estimate for the overall 
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reflection coefficient arising £roin reflections from each of the step junctions and from the 
termination. However, for a long travelling wave antenna, the backward travelling wave on 
the structure does not contribute much to the front lobe. Numerical studies have shown 
that the contribution due to the backward wave can be ignored whenever L > 3Ao. 

The aperture distribution for the stepped model is foimd in the following manner. So- 
lution to the eigenvalue problem for a uniform slot line completely determines the aperture 
dbtribution in each partdlel section (the slot electric field is determined up to a multiplica- 
tive constant and this is of no consequence if one were interested in a tmiform slot line 
alone). To account for the step discontinuity, a power continuity criterion (i.e., constant 
power flow along the axis of the tapered line) is enforced at the step jimction. This cri- 
terion relates the undetermined multiplicative constants in each section, thus yielding the 
field distribution in the stepped structure corresponding to a forward travelling wave on 
the aperture. Data on the characteristic impedance of a wide imiform slot line are needed 
to enforce this criterion. The slot wavelength, the slot electric field and the characteristic 
impedance of a uniform wide slot line on a low permittivity substrate are obtained in {5}, 
and {7}. 

The second step in the analysis is the determination of the fields radiated by the ta- 
pered slot using the field distribution foimd in the first step. Termination of the aperture 
results in the edge ABCD in the metalization, and currents are induced due to edge diffrac- 
tion. These must be included in the analysis. The edge induced currents are important 
because the radiation pattern of a slot in an infinite ground plane (i.e., without taking 
the edge ABCD into account) has a null in the plane of the conductor. The prospective 
Green’s function must be able to directly accommodate this important phenomenon. It is 
seen from Fif^7 that the slot extends as far as the edge ABCD, thus precluding the use of 
far-field ray scattering theories such as GTD and UAT. This important near-field scatter- 
ing is taken into account by treating the slot as radiating in the presence of a conducting 
half-plane (i.e., the half-plane Green’s fimction is used). 

It may also be noted that a simple analysis based on approximating the currents on 
the metalization as flowing along wires — similar to a V-antenns; — and subsequently using 
the free space Green’s function to find the far-fields is not satisfactory. Such a model 
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incorrectly predicts a Tninimum in the end-fire direction as the fiare angle 27 0 (as in 

a CWSA), whereas the two step procedure described above correctly predicts an end-fire 
main beam. The success of the latter is attributed mainly to the use of the half-plane 
Green’s function. 

Tai [6] has developed the exact theory of infinitesimal slots (both — one sided and 
two sided) radiating in the presence of a conducting half-plane . This half-plane Green’s 
function is used in coi\junction with the aperture distribution foimd in step one to com- 
pute the far-fields radiated by each uniform section. Radiation from the entire length is 
determined by adding the contributions from all the sections. 

B.2. Interpretation of Results 

Most of the features of the radiation pattern of LTSA antennas, with or without 
dielectric, can be disctissed in terms of the behavior of the TEM model. 

(1) Dependence of Be^mwidth on Flare Angle f2n>) . 

The beamwidth in the H-plane is independent of the fiare angle for a constant anteima 
length, JD, and decreases with the flare angle in the El-plane, but not as fast as inversely 
proportional to the angle (see Figure 8). 

(2) Dependence of Beamwidth on Antenna Length. L. 

The 3 dB beamwidth in the H-plane depends on antenna length exactly as predicted 
for a traveling-wave antenna model, assuming a phase-velocity equal to the vacuum speed 
of light (see Figure 9). In the E-plane, a somewhat more rapid dependence on is seen, 
see Figure 10. 

The conclusion fromjthese data is that the TEM LTSA antenna behaves as a traveling- 
wave antenna as far as its H-plane radiation pattern is concerned. The E-plane beamwidth 
behaves somewhere in between that of a pure traveling-wave antexma and an aperture 
antenna. For example, the dependence of E-plane beamwidth on normalized length, would 
be roughly inversely proportional to the angle (for small angles), if the beamwidth were 
determined by the size of the aperture at the edge. The beamwidth in the E-plane varies 
more slowly than this. Also note that for constant length, the H-plane beamwidth is 
independent of flare angle, as expected, whereas the E-plane beam width depends on flare 
angle, but not as rapidly as predicted for an aperture antenna. 
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The general feat\ires of the radiation patterns for TEM antennas, which we discussed 
in the previoiis paragraph, are still present for dielectric-supported antennas, with modi- 
fications which can be traced to the lower phase-velocity. The beamwidths, beam shapes, 
and sidelobe levels genersdly show good agreement between experiment and theory as 
shown for an LTSA on thin dielectric in Table 1. For thin dielectrics, a correction of -2.5% 
is required to the phase velocity, compared with the theoretical value for a wide slot. For 
thick, or high dielectric constant, substrates, this correction is not needed. This is a ques- 
tion which will require some further exploration. Another so far unsolved problem is that 
of the LTSA with a finite width strip outside the slot. As mentioned above in section A, 
the beamwidth depends on this dimension. Theoretical efforts for this geometry have not 
yet been successful. 

(3) Dependep ffw of Rgama hape on Shape of the Tapered Slot 

The stepped taper model can also be used for other shapes than the LTSA with good 
agreement. In Figures 11 through 13, we show calculated beamshapes for CWSA, LTSA 
and Vivaldi elements of the same length and on the same substrate. Note the lowering of 
the sidelobe level in the H-plane, as the shape becomes more gradually tapered, in going 
from the CWSA through the LTSA to the Vivaldi. 

3. A PROTOTYPE IMAGING SYSTEM USING A SEVEN EL- 
EMENT LTSA ARRAY 

Much of the interst in tapered slot radiating elements is connected with the ability 
to construct integrated, low-cost arrays. In order to clearly demonstrate the feasibility 
of such arrays la aa actual operating syston, we have investigated rather thoroughly 
a millimeterMsave (M G&) prototype seven-beam system, using a one-foot diameter 
Cassegrain reflectw antenna. The array thus was designed to match the optics of this 
reflector, which was a standard design often used in millimeter wave applications and 
commercially available. The sub-reflector is seen imder an angle of 30 degrees from the 
final focus, which is located a small distance in front of the midn dish. The arrangement 
is illustrated in Figure 14. A seven-element array as shown in Figure 15 was developed. 
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The first step in the development was to design a single element which had the desired 
beamwidth of about 30 degrees in both miyor planes at the -10 dB level. Modeling at X- 
band frequencies showed that an LTSA on a thin dielectric (6 mil Duroid was used) would 
match these specifications if it had an electrical length of about 10 wavelengths. Since 
6 mil is the thinnest Diiroid available, it was necessary to choose a different dielectric 
material for 94 GHz. One mil Kapton turned out to result in an element at this frequency 
which has a symmetric beam see Figure 10. By choosing a length which does not strictly 
scale with the frequency-ratio, we were thus able to meet our specifications. This element 
was demonstrated at the presentation our group gave at NASA Langley Research Center 
in September, 1982. 

An LTSA array with an element spacing of about 2.5 wavelengths was first tested by 
)deling at X-band, and it was quickly found that the individual beams of the elements 
in this array were very similar to that of a single element. The same applies to arrays on 
Kapton, used at 94 GHz. The seven element array was measured in the Cassegrain antenna 
in a test range, shown schematically in Figure 17. The length of the range was 50 meters, 
and the data should therefore be representative of far-field data to a good accuracy. A 
Gunn oscillator source was used as the transmitter, and the detected signals from diodes 
soldered at the narrow end of each LTSA were measured as the dish scanned the source in 
either the E-plane or the H-plane. Representative scans are shown in Figure 18. Elements 
off the show expected phenomena such as a coma side-lobe, but all element positions 

in the array produce beams which are very well useable. This system was demonstrated at 
the site visit by NASA Langley personnel in September, 1983. Subsequent meastirements 
explored even. s^aration between the elexnenta of the array than the original 7.9 

mm, i.e. 5 and 3 nun, respectively. Element patterns (i.e. without the dish) with a 5 mm 
spacing show a narrowing of the E-plane pattern and a widening of the H-plane pattern. 
Despite the changed beam-shape, the spill-over beamr-efficiency is actually slightly better 
than for the 7.9 mm spacing (35 versus 31%). The beam-spacing, however, is almost 
the same in the two arrays, i.e. somewhat less than a beamwidth, with a corresponding 
cross-over level for adjacent beams of about -2 dB. The seven-beam Cassegrain system 
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was described in a paper given at the Eighth IEEE International Conference on Infrared 
and Millimeter Waves in 1983 {15}. 

More recently, a similar array consisting of 25 (5 x 5) CWSA elements, was used in a 
one-foot diameter prime-focus paraboloid at 31 GHz. This system had a smaller / /D of 
1.0, and showed a higher beam efficiency of about 65%. The beam spacing achieved was 
about one beamwidth. This system has been reported at the SPIE Conference on Submil- 
limeter Spectroscopy in Cannes, France, in Dec. 1985, as well as at the Tenth International 
Conference on Infrared and Millimeter Waves, also in December, 1985 {16, 17}. 

It is very important for the practical utilization of LTSA arrays to note that the 
closest spacing between circular waveguides used in the same system is 14 mm, with a 
beam spacing of about two beamwidths. This is one of the most interesting properties of 
the LTSA array. There are other ways to illustrate the uniqueness of the LTSA array in 
this respect. We have for example used a plot from a paper by Rahmat-Samii et al [7] 
to compare LTSA elements with other elements such as the CWSA elements mentioned 
above, rectangular and circular waveguides, a pyramidal horn, and the cigar antenna. If 
one approximates the beam pattern of these elements with a (cos 0)* shape and plots the 
value of 9 as a function of the array spacing, d, normalized with respect to wavelength, then 
one obtains a plot such as shown in Figure 19. The q 7 -value for the LTSA array is more 
than a factor of 2 higher than for any other element at the spacing where we measured 
it. One notes that the cigar antenna, which has the highest q of the other elements, also 
makes use of a traveling wave radiation process. 

In terms of another parameter, we can also investigate the properties of the LTSA 
array as used in • multi-beam system by finding how closely it approaches the so-called 
difiraction-limited resolution, as ^ven by the following expression, if the radiation sampled 
is incoherent: 

r, = (V2)*/# 


Here, /# is the /-number of the optics used and is equal to 1.9 in our prototype system. 
At a wavelength of 3.19 mm, then, we find that Tj = 3.0mm. We can also estimate that 
this spacing corresponds to about 0.42 beam-widths of the system, in agreement with 
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the sometimes quoted requirement to sample twice per beamwidth in order to achieve 
diffraction-limited resolution. The minimum beam spacing achieved in our prototype 
system is O.S** with a measured 3 dB beamwidth (average between E- and H-planes) of 
0,7®. The beam spacing is thus close to 0.7 of a beamwidth, or a little less than a factor 
of two times the diffraction-limited resolution spacing. 

In view of the high packing density which has been demonstrated for LTSA arrays, 
it has been of interest to study the inter-element coupling. We mentioned above that 
the beam-shapes of individual elements were affected by coupling in the 5 mm spacing 
array but not the 7.9 mm spacing array. Recently, we have explored this further in a 3 
mm spacing array. This extremely densely packed array yields beams which tend toward 
omni-directionsd if more than one substrate is used. For the one substrate case, however, 
a main beam results, which has somewhat lower beam efficiency (15-20%), than for the 
larger spacings. Also, for a substrate with three elements, one finds that the directions of 
the individual beams have been shifted quite noticeably. While for 5 and 7.9 mm spacing 
arrays, one cannot detect any changes in the radiation pattern of a particular element with 
the other elements are either shorted or left open-circuited, quite large effects are seen for 
the 3 mm spacing array. Figures 20 and 21 show some examples of this effect. It is clear 
that such results can yield information which gives clues to the theoretical model for LTSA 
arrays, which remiuns to be explored in detail. 

4. REVIEW OF INTEGRATED LTSA WITH RECEIVER EL- 
EMENTS RESULTS 

We have obtained and published some preliminary results on a mixer design which is 
suitable for integration with tapered slot antennas {18}. This mixer design was tested both 
in a 4-10 GHs model, and (slightly modified) at 94 GHs. The 94 GHz mixer utilized the 
same Hewlett-Packard beam-lead diodes which we used as detector diodes in the LTSA 
arrays. These diodes are the most rugged which we have found, and generally survive well 
on the fiexible kapton substrates. The 4-10 GHz version of this mixer has less than 6 dB 
conversion loss over an octave bandwidth. It uses a slot-ring in a balanced configuration, 
and requires the LO to be fed through a separate port. 
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A different design for a mixer which may be integrated with an LTS A antenna element 
is shown in Figure 22. This mixer was tested at 38 GHz with the same HP beam-lead 
diodes, and has less than 10 dB conversion loss. In this case, both signal and LO are 
coupled through the same port, which is convenient in many cases. One should note that 
the HP diodes are intended for use up to 18 GHz, and that consequently the conversion 
loss at 38 GHz is expected to be somewhat high. 

Fmther work on mixers has emphasized theoretical modeling, using a computer pro- 
gram originated by Dr. A. Kerr and others at the Goddard Institute for Space Studies, 
New York, N.Y. The program was expanded to take into accoimt the effect of excess noise 
in Schottky-barrier diodes for the first time. Calculated results agree qualitatively with 
measured results on millimeter wave xnixers, see {2}, {9}, and {20, 21}. This work was 
partially supported on the grant. 
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Directivity of LTSA on 0.127 mm thick OAK-605 substrate 
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Fig. 4a. Input impedance measured for LTSA pair with styrofoam dielec- 
tric. as a function of the opening angle. The geometry is shown in Fig. 3(c). 
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Figure 4b 
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127 Computed radiation patterns of CWS A— generated and curve- fitted 
slot line data. 


PKBCgDENG if AGE BLANK NOT 

F,^ . It 




Relative Power (dB) 


75 



rig* IS'V Computed radiation pattema of Vivaldi — generated and curve-fitted 
Blot line data. 





Figure 14. 
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Figtire 16. Single-cleme&t pattern measured at 94 GHz for LTSA on I mil Kapton 
substrate. 
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Figure 20. E-planc Element patterns recorded at 04 GHz for a linear array of three 

r 'T' o 4.. I A • \«A. « 




Figure 21 Same array as in Figure 20 , E-pIane patterns for edge element when 
leaving other elements a) open b) shorted. 
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Fignr« 22 . Fatten for 39 GSi mixer, suitable for mtegration with LTSA element. 


8. TABLE 


TABLE 1 

Pattern Comparison for tr ~ 2.22 LTSA 



3 dB Beamwidth ( **) 

10 dB Beamwidth ( **) 

First SLL (dB) 


Theory Measured 

Theory 

Measured 

Theory Measured 

E-plane 

39.8 38.3 

61.0 


-12.4 -11.5 

H-pIane 

33.7 28.8 

50.5 

mmSmi 

-10.0 -8.8 


<i/Ao = 0.017, L/Ao * 4.2, 27 * 10* 



